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SllMMARY 

Light-induced fast t r ans i en t  absorbance changes were detect& by time- 

resolved spectroscopy i n  38 out  of 51 ha loa lka l iph i l ic  isolates from alkaline 

salt lakes i n  Kenya and the Fsdi Natrun in Egypt. They indicate  the presence of 

two retinal pigments, Pf and Ps, which mdergo cyc l ic  photoreactions w i t h  half- 

times of 2 m s  and 500 m s  respectively.  

near 500 mn. The pigments differ in their e e n s i t i v i t y  to hydroxylamine and 
S 

Pf absorbs maximally near 580 mn and P 

detergent  bleaching and the photoreactions of Pf are s t rongly dependent on 

chlor ide concentration. M the 38 pigment-containing s t r a i n s ,  29 possess both  

Pf and Ps, 9 possess only Ps. 

Inh ib i t ion  of retinal synthesis  w i t h  nicot ine blocks pigment formation and 

addi t ion of r e t i n a l  restores it. Hydroxylamine-bleached pigments can be recon- 

s t i t u t e d  with r e t ina l  or retinal analogues. Their s i m i l a r i t y  to the retinal 

pigments of Halobacterium halobium strongly suggests that they are also 

rhodopsin-like retinyledene proteins.  Pf i n  a l l  properties tes ted  is almost 

iden t i ca l  to hlorhodopsin,  the l ight-driven chloride p p  of - H. halobim, and 

may serve the mme function in the haloalkaliphiles.  Ps has photocycle kinetics 

s i m i l a r  to sensory rhodopsin and a far blue-shifted long-lived photocycle in te r -  

I 

* I  

i 

. 
mediate h t  its ground state absorption mximun is near 5 O h  instead of 

We b v e  not found a bacteriorhodopein-like pigment in  the haloalkal iphi les .  

587nm. 
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Halobacteria possess the mly biological l i g h t  energy-transducing system 

t h a t  does not use chlorophyll as the energy converter. Instead they uae the 

rhodopsin-like pigments bacteriorhodopsin (bR) and halorhodopsin (hFt)/ which 

function as l ight-driven ion pmps. Through these pigments the becter ia  can 

s u b s t i t u t e  l i g h t  for resp i ra t ion  as their main energy source. A third very 

similar pigment, eensory or slow rhodopsin (e) appears to function as a s i g m l  

transducer which mediates the phototactic responses of these -11s [for review 

Bee (Stoeckenius & Boganolni, 1982, I a n y i ,  1986)l. All three pigments undergo 

cyclic photoreactions which aan be detected w i t h  time-resolving spectrophotome- 

ters by their absorbence c h n g e s  i n  the v i s i b l e  and near-UV region of the spec- 

t r u n :  the observed kinetics m e r  the time range from approximately 1 ps to 1 s. 

Since these are fast cyclic changes it is possible to average Over a la rge  

nunber of measurements, typ ica l ly  a few lnmdred, and to detect the presence of 

these pigments With high sens i t iv i ty .  While nearly a l l  detailed invest igat ions 

i n t o  their structure and function have been made m H. halobim and a f e w  very' 

closely re l a t ed  s t r a i n s ,  te have found i n  a survey that similar or ident ica l  

pigments are widespread among the becterial populations of na tura l  salt lakes 

and salterns (Stoeckenius, 1981: a v o r  e t  al., 1982; Stoeckenius et  al./  1985). 

- 

However, the phenotypically d i s t i n c t  a l k a l i p h i l i c  hlophiles (Tinda11 e t  al.,  

1980; %lima; & Trtlper, 1981), recent ly  c l a s s i f i e d  i n t o  t w o  new archebacterial 

genera Natronobacterim and Natronococcus (Tinda11 et al. I 1984) have not  been 

systematical ly  surveyed for such pigments. These bacteria pose in te res t ing  

questions wi th  respect to bioenergetics in view of their vigorous growth a t  pH 

values  above 9.5. W e  report here - t a l k a l i p h i l i c  halobacteria h v e  mo pho- 

toact ive pigments, one whose spectroscopic properties are very similar to those 

- 
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of hR and a second 

shorter mveleng ths. 

pigment similar to sR i n  its kinetics but absorbing a t  



Bivin & Stoeckenius f i n a l 4  February 27, 1986 

METHODS 

S t r a i n s  and growth. The 44 s t r a i n s  i so la ted  from alkaline salt lakes i n  

- H. pharaanis fran Wdi  

We have i so la ted  

Kenya h v e  been described before (Tindall et al., 1980). 

Natrun (Soliman & TrtIperr 1981) was obtained from H. Trflper. 

s i x  similar s t r a i n s  from m t e r i a l  also collected a t  m d i  Mtrrn by one of us 

(W.S.) i n  A u g u s t  1982. 

The.growth mediun (Tindall et al., 1980)r was autoclaved for 20 min and 

stored i n  sealed flasks, Far agar plates PJaCl and k2C03 were dissolved and 

autoclaved eeperatelyt cooled to approximately 70 OC before mixingr and poured 

i n t o  culture dishes. Agar plates were sealed with mrafilm to prevent drying. 

Cells from single colonies grown an agar were txansferred to culture tubes 

containing The cells -re then 

t ransferred to 10 ml d i m  i n  25 ml f lasks  and when they had reached e a r l y  

exponential p h s e  the 10 ml cultures *re used to inoculate 250 ml mediun i n  1 

litre flasks. The flasks uere shaken vigorously a t  37 OC and af ter  4 d the cul- 

t u r e s  reached the end of the exponential phse and contained approximately 
9 2x10 cells ml-’. The cells e r e  wl l ec t ed  by centr i fugat ion,  and mshed i n  

2 m l  l i qu id  mediun and shaken for 3 d a t  37 OC. 

had 

basal salt (medim without Casamino acids  and yeast extract). 

The optimm pH for growth i n  the above medium is 9.5 (Ross et al. , 1981). 

We confirmed t h i s  by monitoring growth of s t r a i n  SPlW i n  media adjusted to pH 

6.5 ,  7.Sr 8.0, 9.5, 10.0, and 11.0. Growth rates dropped shrply bebeen  pH 10 

and 11 and between pH 8.0 and 7.5 but s ign i f i can t  growth still occurred a t  pH 

6.0 and 11.0 (data not  shown). 
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Nicotine blocks biosynthesis of E t i n a l  i n  - H. halobim (Danon et al., 1977; 

Sumper et al., 1976; €iw&ng et al., 1981) and also i n  the blaalkaliphiles. A 

s-ndard 10 ml cell culture a t  the end of the exponential phse was added t o  a 1 

l i t re  f l a s k  containing 250 ml cul ture  medim and 2mM nicotine.  After 4 days a 

10 m l  sample of the ells grown i n  the 2 W nicot ine  mediun was t ransferred t o  a 

second 1 litre f l a s k  oontaining growth mediun and ZW nicot ine and the last s t e p  

was repeated twice. Cells from the last culture were h r v e s t e d  a t  the end of 

the exponential phase. 

Preparation of cell membranes. Wshed cells from 250 m l  cul ture  were lysed 

by resuspension in 250 ml 100 mM MCl, 50 mM HEPFS (p€l 7 )  I to which DNhse kid 

been added, and dialysed aga ins t  2 litres of the Barn solut ion for 24 h. Mem- 

brane fragments were col lected by centr i fugat ion for 50 min a t  200,000 p and 

washed mce in  100 dl EBCl, 50 mM HEPES (pH 7 ) .  The membranes e r e  then 

resuspended the desired a a l t  aolution f o r  spectroscopic analysis or oentr i -  

fuged again a t  250,000 9 for 1 h i f  a membrane pellet ~ b s  needed. When neces- 

sary, membranes were s tored in 3 M MC1/50 mM HEPES (pH 7) a t  4 OC i n  the dark. 

in 

Assays f o r  photoactive pigments Single colonies of various s t r a i n s  of 

alkaliphilic bcbr ia  growing ar agar  plates were examined for photocycling pig- 

ments i n  a f l a s h  spectrophotaneter designed by R.A. Boganolni (Weber & 

Boganolni, 1982) with the posi t ion of the condenser l e n s  and microscope 

reversed. The l igh t  beam from the quartz iodine lamp tas f i r s t  p s s e d  through a 

monochromator and then focussed through a microscope object ive l e n s  onto the  

colony. The transmitted l i g h t  trss collected with the l a r g e - a p r t u r e  condenser 

l e n s  and directed onto the o t h o d e  of a photanul t ipl ier .  A tunable dye laser 

provided the ac t in i c  l i g h t  f lashes  of 250 ns  duration from the side and the pho- 
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t a rml t ip l i e r  m s  protected against  -ttered actinic l i g h t  by f i l t e r s .  Time- 

resolved absorbance changes a t  560 and 480 nm were recorded and etored i n  a 

Nicolet  1074 sigml-averaging computer and either plot ted on paper or 

t ransferred to magnetic tape. 

For higher Bensi t ivi ty  and better time resolution isolated membrane 

preparations were uaed either i n  suspensions or as pellets. Pellets scatter 

much less l i g h t  than a suspension of membranes of the sdme opt ica l  density,  but 

are mare difficult to mount and to align i n  the apectraneter. Therefore, mem- 

brane suspensions e r e  uti& whenever possible. Membrane p e l l e t s  e re  placed i n  

demountable cwettes (Hellma) of 0.1 mn or 0.2 mn pathlength and e x a m i n e d  for 

photocycling a c t i v i t y  i n  a spectrophotaneter as described (Lazier, 19821, Ulder 

optimal conditions, this technique am detect L5 b~ molecules per cell, ~ e w  

brane euspensions were placed in 10 mn x 10 mn or 10 mn x 4 m cwettes ( H e l l m a )  

and examined in  the same apparatus. All experiments uere done a t  20 OC. 

Bleaching and reconst i tut ion of pigments, Hydroxylamine hydrolyses Sch i f f  

bases and 'am bleach the chromophore in retinylidene pigments (Oesterhelt et 

al., 1974) and the chranophote reconsti tuted by addition of r e t i n a l  (Oesterhelt 

& S c h u h n n ,  1974). Bleaching in rhodopsin-like pigments is very sens i t ive  to 

reaction conditions. Membrane suspensions from b l a a l k a l i p h i l e s  adjusted to 2.5 

mg protein ml'l were bleached wi th  0.5M hydroxylamine i n  3 M MC1, 50 mM 

HEPES (pH 7 )  either for 2 h i n  the dark a t  20 OC or for 24 h i n  white l i g h t  (0.2 

Joules an'2 aec'l) a t  40 OC, as described by m y l o r  e t  a l . ,  (1983). Membranes 

of - H. halobium, used for  camparison, were bleached i n  the dark for 24 h a t  40 

OC. The bleached mmbranes uere then dialysed against  3 M M C 1 ,  50 dl HEPES (pH 

7 )  fo r  36 h to remove residual hydroxylamine. One sample of the dialysed mem- 

brane To 

total 

preparation WBS assayed for photocycling pigments as described above. 

I 
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another sample a l l - t r a n s  r e t i n a l  (Sigma) w s  added to a final concentration of 1 

W. Membrane p r e p r a t i o n s  from ells grown i n  the presence of nicotine were 

used without bleaching. After 3 h i n  the dark a t  roan temperature the suspen- 

s i o n  w s  examined i n  the f l a s h  apectrophotaneter. Absorbance spectra of the  

bleached and reconsti tuted membrane suspensions were taken with an h i n c o  I3w2A 

spectrophotometer i n  the single-beam mode, first stored i n  a Nicolet 1180 can- 

puter  and then tranferred to magnetic disk. 

Reversible photobleaching of membrane suspensions. Hembranes i n  suspension 

(3 M &C1/50 mM CHES, pH gr  2.5 mg protein m l ” )  i n  both the reference and Sam- 

p l e  chambers of the spectrophotometer were first i l lun ina ted  w i t h  blue l i g h t  

(Corning 5-60 filter and a 250 W projector) for 2min. Then the suspension i n  

the mmple chmber anly was illuninated with orange l i g h t  (Corning 3-69 filter) 

and again w i t h  blue l i gh t .  Spectra were recorded with the Aminco Dw2A spectro- 

photometer before and a f t e r  each i l l m i n a t i o n .  

Solubi l izat ion of membrane proteins.  Membranes were placed i n  1M octyl- 

glucosider 3 M mC1 and 50 &I HEFTS (pH 8.61, protein/detergent ratio 1:2 (w/w). 

After 24 h a t  4 i n  the dark the suspension tas oentrifuged for 50 min a t  

200,ooOp and the supernatant wed  f o r  spectroscopic analysis .  
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RESULTS 

Fkbrmry 27, 1986 

Fig. 1 shows averaged t rans ien t  absorbance changes fran a single colony of 

haloalkaliphilic s t r a i n  F34 excited w i t h  256 flashes of 5lOran l i gh t .  A fast  

abeorbance decrease with a recovery halftime of -2 m s  is Been a t  560 nm and a 

much slower decrease a t  480 rxn, which recovers with a hlftime of -500 ms. The 

cells obviously produce pigment(s) mdergoing fast light-induced cyclic reac- 

t ions.  Colonies an agar  plates aan be rapidly screened for light-induced absor- 

bance changes and photoactive pigment-rich s t r a i n s  elected. Ekactionation of 

the cells showed that the pigments are almys contained in the cell membrane, 

and we hive mrried out  further studies mostly with cell membrane preparations. 

Fig. 2 shows the t r ans i en t  absorbance changes of a membrane pellet f r an  

cells of s t r a i n  SPlW, a spontaneous mutant of the mtural isolate SPl,  which 

lacks the major =rotenoid pigments. An i n i t i a l ,  fast decrease i n  the absor- 

bance a t  580 run and 480 nm and an increase a t  400 rxn are not time-resolved. The 

abeorbance recovers annpletely i n  a p p r o x h t e l y  4 8. A t  least two f i r s t  order 

k i n e t i c  components with h i l f t imes  of 2 m s  and 500 m s  a n  be distinguished. The 

most likely in te rpre ta t ions  are: (1) that  there is a s ingle  pigment with a t  

least t w  epectroscopically d i s t i n c t  intermediate states and a branch i n  its 

photocycle, eo t h a t  pigment molecules return to the i n i t i a l  state via either a 

path of 2 ,ms hlftime or a p i t h  of 500 ms hlf t ime;  or (2) t h a t  there are two 

pigments, one cycling w i t h  a hlftime of 2 m s  and the other w i t h  a h l f t ime of 

500 m s .  I n  case ( 2 ) ,  the cycle observed m y  depend upon the mvelength of the 

a c t i n i c  l igh t .  If there were two pigments absorbing a t  d i f f e r e n t  mvelengths  

* 
- 

and cycling w i t h  d i f f e r e n t  time cons tan ts ,  the absorbance changes w i t h  me time 

constant should be enhanced over absorbance changes w i t h  the other, when the 

wavelength of the a c t i n i c  l i g h t  is changed. 
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The fAst response characterized by an absorbance decrease in the 560-600 nm 

region of the spectrun is present when memb&nes are exci ted a t  either 590 run or 

a t  510 m. decrease 

i n  the 480-520 nm regiont is mdetectable when membranes are exci ted a t  590 nm 

(cunpre Fig. 3a w i t h  3b). We conclude ten ta t ive ly  that  t w o  photoactive pig- 

ments are present in  these membranes. 

The slaw responser which is chracterized by an abaorbnce  

Se lec t ive  bleaching also allows one to d is t inguish  the two pigments. After 

t r e a h n t  i n  the dark w i t h  0.5 M W20H, only the &st responae remains (Fig. 

3d). The fast response, however! is more eens i t ive  to detergent  t r e a h e n t .  

Fig. 3c shows the absorbance changes generated i n  membranes solubi l ized i n  

octylglucoside a t  low ionic  strength.  Chly the slow caaponent of the absorbance 

change remains. 

Using f l a sh  photolysis of colonies growing on agar  plates we assayed 51 

s t r a i n s  of a lka l iph i l i c  halophiles fo r  photoactive pigments. Fmspmses similar 

to those seen in SPlW membranes =re eeen i n  colonies of most s t r a i n s  and are 

m r i z e d  in  Table 1, Note t ha t  aane s t r a i n s  showed only the slaw response. 

These results further support our postulate  t h a t  the slow and fast responses are 

due b the two d i s t i n c t  pignents. We have elected some s t r a i n s  for fu r the r  

study, in part icular  s t r a i n  SPlW, which shows both the fast and slow p b  

toresponses and s t r a in  SP1(24), which exhibits cnly the slow response (Fig. 312). 

We shall provisionally ern the fast pigment Pf and the slow pigment Ps. 

Fig. 4a shows difference spectra from SPlW membranes f o r  several  times 

after exc i ta t ion  w i t h  590 m l i g h t ,  i.e. under conditions where m l y  Pf is 

detected. The absorbance decrease is greatest in the region aromd 580 m and 

an  absorbance increase occurs around the 500 nm and later aromd 640 m. Evi- 

dent ly  Pf absorbs maximally near 580 nm and has two photocycle d i s t i n g u i s b b l e  
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intermediates,  me which absorbs in  the 500 nm region and another following it 

which absorbs in the 640 nm region. The absorbance decrease a t  580 rnn recovers 

w i t h  a blft ime of approximtely 2 m s  (Fig. 2a of Fig. 41). Therefore, 15-20 ms 

after exc i ta t ion  e s sen t i a l ly  a l l  of the fast pigment molecules have returned to 

their ini t ia l  state and the t rans ien t  absorbance changes a t  later times i n  aam- 

ples exci ted w i t h  shorter wavelengths should be due mly to Ps. This conclusion 

is verified by the &ta shown i n  Figs. 4b and 4c, which c a p r e  the absorbance 

changes a t  1, 3, 6 and 15 m s  w i t h  the absorbnce changes a t  100, 300, 600 and 

lo00 m s  after exc i ta t ion  w i t h  510 nm light.  We ~ e e  a single abaorbnce  m i n i m  

near 500 nm and absorbance maxim i n  the 400 and 560 nm regions 100 m s  and 300 

rns after the f lash  while th apectra a t  shorter times show a more complicated 

pattern wi th  amt r ibu t ions  from both pigments. Thus we conclude tha t  Ps absorbs 

maximally mar 500 nm and h s  a relatively long-lived intermediate absorbing i n  

the 400 nm region followed by an intemediate which absorbs i n  the 560 nm 

region. 

The photoreactions of Pf are eensit ive to the ion ic  canposition of the 

medim. Fig. 4f ahows absorbance changes generated by 590 run l i g h t  i n  SPlW mem- 

branes pelleted fran Cl--free medim (NaCl <lod M) a t  pH 7.0. There is an  

absorbance demea= i n  the 540 mn regian and an absorbance increase i n  the 640 

nm region. When 

SPlW membranes are pel le ted fran suspension i n  3M R i C 1 / 5 M  CAPS pH 9.5 and 

exci ted a t  510 nm, the difference spectra are v i r t u a l l y  ident ica l  to those shown 

i n  Figs. 4b and 4c (data not shown)t whereas displacement of b C 1  by th2S04 

yields spectra ident ica l  to those i n  Fig. 4f. We conclude tht high Na' concen- 

t r a t i o n s  and high pH do not B e e m  to a f f ec t  the photoreaction cycle strongly but  

C1- does. t h C 1  

The talftime for the re turn  to the original state is -110 ms. 

Wen membranes were dialysed against  50 mb! HEPES pH 7 u n t i l  the 
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concentration m s  lees than MI and the fast absorbance increase a t  500 ~n 

was t i t r a t e d  with WCl,  we &served an apparent pK of about 12 mM for t h i s  

e f f e c t  (data not shown). 

The cyc l ic  absorbance d a n g e s  of Pf and its Cl--dependence are v i r t u a l l y  

iden t i ca l  to those of t~ from - H. halobium except for the s1-r kinetics i n  CI- 

-free medium. &lorhodopin during extensive long wavelength i l l m i n a t i o n  accu- 

mulates a photoproduct, which abaorbs near 410 nm and is s t ab i l i zed  by high pH, 

but  e m  be photoconverted back to hR5780 The same holds true f o r  Pf. Fig. 5 

ehows eteady-state absorbance difference spectra of a SPlW membrane suspension 

a t  pH 9.0. For each spectrum shown, the epectnm of the sample after each  suc- 

cessive illmination was subtracted from the spectrun obtained after an i n i t i a l  

i l l m i n a t i o n  with blue l igh t .  The mmple, after the first i l l m i n a t i o n  with 

blue l i g h t  ( 2  min) ,  w s  i l lun ina ted  f o r  1.5 min (A)  and 6 min (B)  w i t h  yellow 

l i g h t ;  then the gsmple was i l l m i n a t e d  w i t h  blue l i g h t  fo r  2 min (C). I n i t i a l  

i l l m i n a t i o n  with blue l i g h t  ensured tha t  the pigment molecules i n  the sample 

were in the stme photostationary State.  The f i r s t  i l l m i n a t i o n  with orange 

l i g h t  induced an absorbance decreaee in  the 580 nm region and an absorbance 

increase i n  the 410 tun region, and the second il lumination with orange induced 

an  even greater absorbance decrease i n  the 580 m region together with a greater 

absorbance in  the 410 nm region, addi t ional  i l l m i n a t i o n  with orange l i g h t  pro- 

duced no fu r the r  absorbance changes. Evidently, i l lun ina t ion  w i t h  orange l i g h t  

had driven pigment molecules i n  the sample from a form which absorbs maximally 

near 580 run to a form which absorbs mximally near 410 rm and the final illuni- 

na t ion  wi th  blue l i g h t  returned the pigment to its or ig ina l  state (tmce C). 

The -11 deviation from the t a s e l i n e  between 420 and 470 rm i n  trace C is prob 

ab ly  due to i r revers ib le  light-induced absorbance chmges i n  cytochranes and 
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carotenoids. The mme experiment done QI membranes bleached i n  the dark gave 

e s s e n t i a l l y  iden t i ca l  results indicat ing that we were observing a r l y  Pf (see 

below) . 
pS and Pf are apparently r e t i ~ 1  pigments. Subjecting the membranes of 

s t r a i n  SPlW to NH20H f o r  two h in the a r k  bleaches Ps but  not PfD Fig. 6 shows 

the difference between epectra taken before and after the addi t ion of retinal to 

a suspension of membranes bleached in the dark. A broad absorbance band w i t h  

it8 maximun a t  approximately 500 m is generated; the shoulder i n  the 465 m 

region separated by approximately 1,600 an-’ from the m i n  peak probably indi- 

cates fine structure which is characteristic for retinal pigments (Christensen & 

Kohlerr 1973). The haet shows tht the long-lived light-induced absorbance 

decrease a t  500 m characteristic for Pe was a l a o  regenerated. The t r ans i en t  

absorbance epectrlan a t  580 nm remined unchanged, indicat ing t h a t  Pf was no t  

bleached in the &rk by NH20H, Fig, 7 s h s  the =me experiment done w i t h  me- 

branes bleached w i t h  EM20H under intense i l l u n i m t i o n .  T b  w i n  pwk i n  the 

difference epectrun now is a t  approximately 575 nm w i t h  a shoulder near 500 nm. 

The peak h the 380 nm region is due to excess  r e t i n a l .  The time-resolved 

absorbance ckinges ( inae t )  show a fourfold increase i n  the fast response and 

reappearance of the slow response after addi t ion of retinal. We amclude *t 

Pf and Psr l ike the - H. halobim pigments bR, hR, and SEI, can b l e a c k d  w i t h  

NH20H and regenerated by addition of retinal, but  they differ i n  their suscepti- 

b i l i t y  to NH20H bleaching. Membranes bleached i n  the dark and therefore con- 

ta ining m l y  Pf were also reconsti tuted w i t h  r e t i n a l  A2 (3,4-dehydroretiml). 

I n  the difference spectra betwxn bleached and reconst i tuted preparations,  a 

peak appeared near 525 nm with a shoulder near 500 nm, When membranes were 

bleached i n  intense white l i g h t  and then reconst i tuted w i t h  r e t i n a l  A2, a peak 

be 
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appeared near 600 nm w i t h  a broad shoulder in the 520 nm region (data not  

shown), This is the expected red s h i f t  f o r  'pigments i n  which the r e t i n a l  is 

replaced by r e t ina l  A2 i n  the chromophore (Sperling & Schimz, 1980). 

Membrane p r e p r a t i o n s  from SPlW grown in  the presence of M nicot ine,  

which blocks retinal synthesis (Dencher & Hildebrand, 1979), show no detectable 

absorbance changes when assayed by f l a s h  photolysis, Addition of a l l - t r a n s  

retinal generated the t r ans i en t  absorbance changes characteristic of both the 

fast and slow photocycles (Fig. 8 ) .  This again shows that both the fast and 

s l o w  pigment require retinal to form a chranophore. Their proper t ies  are m 

similar to other rhodopsins that they are most l i k e l y  retinyledene proteins.  

The a p p r o t e i n s  are a p p r e n t l y  synthesized also i n  the absence of r e t ina l .  

- 
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tave characterized spectroscopically t w o  pigments undergoing cyclic pho- 

toreac t ions  i n  whole e l l s  and m d x a n e  preparations of haloalkaliphiles. (Xle 

pigment, Pf ,  has a cycle time of approximately 2 m s  and an absorbance rmxinnan a t  

approximately 580 nm. T k  aecond pigment, Ps, cycles i n  a F p r o x b t e l y  500 m s  

and his an absorbance naximun mar 500 mn. 

By the critmda used here, Pf is very similar to the re t inyl idene pigment 

hR fomd in E. halobiun (Stoeckenius & Bogaaolni, 1982) and other hlophiles 

which grow a t  or mar neutral  pH (Stoeckenius et al. , 1985). The absorbance 

maximun of Pf is between 575 and 580 nm. I n  3 M b C 1  a t  neut ra l  pH the pigment 

cycles i n  -2 ms with a 500 nm intermediate whose rise time is less than h s and 

a 640 nm intermediate w i t h  a rise time of -0.5 ms. The difference spectrun of 

SPlW membranes exci ted w i t h  590 nm l i g h t  or that generated on exci ta t ion  wi th  

510 nm l i g h t  i n  preparations in  which Ps has teen bleached by NH20H are indis- 

t inguiehable frm the difference epectra of membrane pcepara~ons fran H. - -  h a l e  

- him s t r a i n  JW-12, which contain no bFt and in which sR had been bleached aelec- 

tively. The a b b n c e  changes induced in SPlW membranes upon i l lun ina t ion  With 

blue and then arange l i g h t  are essent ia l ly  ident ica l  to those induced i n  hR from 

the - H. halobium s t r a i n  JW-12 (Taylor et a l . #  1983). Halarhodopin shows a C1- 

effect similar to that of Pf but  its apparent pK is 4OnM (Schobert et a l . ,  1983) 

i n s t e a 3  of lk. Finally, membrane suspensions of both - H. halobim JW-12 and of 

SPlW when solubilized i n  octylglucoside and high ionic  s t rength r e t a i n  the  fast 
- 

photoresponse whereas it disappears when membranes are solubilized a t  low ionic  

strength.  Thus hR and Pf have a l m o s t  ident ical  woprties. The anly d i s t i n c t  

difference we tave found is a much slower photocycle i n  Cl--free mediun; the  

halftime hR is 1 m s  and for Pf 110 m s  which could be due to d i f fe ren txs  i n  for 
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the l i p i d  or protein environment of the pigments i n  the txm membranes. It is 

known that the l i p i d  canposition of the h l k l k a l i p h i l e s  is d i f f e r e n t  frun that 

of - H. halobim (Tindall e t  al., 1984). The s t r ik ing  similarity of Pf and h~ 

especially in  their C1- dependence suggests that  Pf m y  also be a l ight-dr iven 

C1- pump. We have found pH changes induced q m n  i l l m i n a t i o n  of -11 suspen- 

s ions  with yellow l ight .  The pH of the medium is increased, indicat ing tha t  the 

cells or ell menbranes take up protons upon i l luninat ion.  

The slow pigment, Ps, in  ne respects resembles the pigment sR found i n  - H. 

halobim (Bogmolni & Spudich, 1982). The hlftimes for their photocycles are 

nearly the =me, approximately 500 m s  for Ps and approximately 800 m s  for sR. 

Both b v e  spectral intermediates which absorb i n  the near W: a t  373 nm for sR 

and mar 400 nm for Ps. Both pigments show l i t t le  change i n  photocycle a c t i v i t y  

under low ionic  strength conditions. The absorbance maxim of the pigments i n  

their initial (rest ing)  states are qui te  d i f fe ren t ,  however: approximately 500 

nm for Ps vs. 589 nm for sR, and sR loses photocycle activity and is premnably 

denatured by octylglucoside mder both high and low salt conditions, whereas Ps 
r e t a i n s  photocycling activity mder these conditions. The sR of - H. halobium is 

I 

I 

thought to mediate phototactic responses (Spudich & Boganolni, 1984); w h e t h e r  a 

similar function m y  be a t t r ibu ted  to Ps remains to be Been. 

Assuming molar absorption coef f ic ien ts  similar to thoae of - H. halabium pig- 

ments we estimate that there are approximately 1,500 molecules of Ps and 6,000 

molecules of Pf present in each ha laa lka l iph i l ic  cell. This cmpres w i t h  

app roxh te ly  20,OOO molecules of hR and 5,000 molecules of sR i n  the bR- s t r a i n  

of H. hlobium JW-12 and more than 10 molecules of bR i n  most H. hlobium 

s t r a ins .  Retinal pigments function as both l i g h t  energy transducers and s ignal  

transducers in  - H. hlobim (Stoeckenius & Boganolni, 1982; Spudich & Boganolni, 

5 - - 

‘m 

i 
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1984). 

w i t h  a sensory rather than a l i g h t  energy-transducing function. 

no 

The r e l a t i v e l y  l o w  concentration of Ps i n  the -11s vould be consistent 

The cells show 

indicat ion of containing a hcteriorhodopsin-like pigment, which can readi ly  

. be distinguished apectroscopically fran hR and aR (Spudich & Boganolni, 1983), 

and e hive not detected any indication of light-driven photophosphorylation 

(data not shown). The lack of bR is not  too surpris ing i f  these ells, l ike  

other alkaliphiles, maintain their internal  pH approximately constant near 9.0 

(Guffanti et al., 19781, Le. ell below the high outside p ~ ,  because i n  such 

cells a light-driven outmrd-directed proton pnnp would obviously be mmterpre 

ductive,  The u t i l i t y  of an inmrd-directed chloride pmp, however, would be 

obvious i f  these ells, like other talophiles, maintain an outside-positive mew 

brane po ten t i a l  and a high in t e rna l  m l t  concentration to balance the outside 

salt concentration. Whether they subs t i tu te  d i m  gradients  f o r  proton gra- 

d i e n t s  i n  energy transduction, as mme other a l k a l i p h i l e s  do ( H i r o t a  & m e ,  

1983), is not knwn. Clearly,  the physiology of the h a l o a l e l i p h i l e s  poses many 

i n t e re s t ing  problems that should stimulate fu r the r  work. 

t 

I 

t 
t 
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Table 1. Slow and Bst responses in 51 atrains of a l k a l i p h i l i c  

halophiles examined by f lash photolysis of colonies.  

Grant strains* Slow Fast 

SP1 
SP2 
SPl(2) 
SPl(8 ) 
SP1( 10 ) 
SPl(11) 
SPl(12) 
SPl(13a) 
SPl(13b) 
SPl(l4) 
SPl(l7 ) 
SPl(18) 
SPl(20) 
SP1( 24 ) 
SPl(25) 
SPl(28a ) 
SP1( 28b ) 
SPl(30) 

SPl ( 33 ) 
SPl(36) 
SP2(1) 

I SPl(32) 

+ 
+ 
+ 
+ 
+ - 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

- 

- 
+ 
+ 
+ 
+ - 

Grant s tra ins  

SP2(5) 
SP2 ( 26 ) 
SP2 ( 27 
SP4(1) 
SP4(2) 
SP4(3) 
SP4(4) 
SP4(5) 
spa 
SPlO 
SPI 2 
SP18 
SP19 
F34 
MS3(16) 
MS3(19) 
Ms3(21) 
MS3(22) 
MS3(23) 
MS3(31a) 
MS3(3lb) 
MS3(33) 

H. pharaonis 
7Wdi Natrun, Esypt) 

S la t  Ehst 

+ + 

S i x  isolates frun brine col lected 
by W. S. (Wdi Natrun) + + 

*Described by Tindall et al. (1980). 
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FIGURE LEGENDS 

February 27, 1986 

Fig. 1. Absorbance changes fran a s ingle  colony of s t r a i n  F34 gr’ouing on an 

aga r  plate. mta ere  taken a t  lO@ s per point. 

flashes *re a t  510 rn, duration 250 ns,  r epe t i t i on  rate 0.3Hz. 

shown are the average of 256 separate t r ans i en t  absorbance spectra. 

The abaorbance decrease a t  560 nm is due to cycling of the M-like 

pigment, Pf, and the absorbanoe decrease a t  480 nm is due to the 500 

Actinic l i g h t  

mta 

run pigment, Ps. 

Pig. 2. Transient absorbance c h n g e s  of SPlW membrane p e l l e t s  h high aalt. 

Responses tn 64 flashes of 510 nm a c t i n i c  l i g h t  were averaged. 

rab w s  0.1Hz. 

(b) were taken a t  1 ms per point.  

decrease a t  580 nm is due to the cycling of the fast pigment, the 

t r ans i en t  absorbance increase a t  400 xnn is due to the 400 nm 

intermediate of the slaw pigment and the absorbance increase a t  660 

nm is due to the 620 rm intermediate of the fast pigment. 

absorbance decrease a t  480 m is due to the slaw pigment and the 

absorbance increases are due b its htennediates. 

absorbance decreaae a t  480 nm due to the cycling of the slow pigment 

is Buperimposed an the absorbance increase of the 500 nm intermediate 

of the est pigment. 

Pulse 

mta i n  (a) - s e r e  taken a t  20 AIS per point. rata i n  

I n  (a) the t r ans i en t  absorbance 

In (b) - the  

In (a) - the 

Fig. 3. Transient absorbance changes for various p p r a t i m s .  lsta were bdcen 

a t  20 ps per point. 

Repetit ion rate wis 0.1 Hz. 

traces. 

The actinic l i g h t  ws a t  510 nm except for (b). 
b c h  t c a e  shown is the average of 64 

The w r  trace of each p a i r  is the absorbance a t  480 m; 
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the lower trace is the absorbance a t  580 run. 

(a): SPlW membranes plleted in 3 M MC1/50 mM HERS p H  7. 

Excitation a t  510 run. 

(5): 
concentration (50 mM HE=, <lo6 M MC1). 

SPlW bleached i n  the a r k  f o r  1 h i n  3 M PhC1.50 mM HEpEs/0.5 M NH20H 

pH 7. 

(b): - As (a)! - b u t  w i t h  a c t i n i c  l i g h t  a t  590 run. 

SPlW membranes so lubi l ized  in octylglucoside a t  l o w  Cl- 

(a): - Membranes of s t r a i n  

(e): SPl(24) membranes in 3 M MC1/50 mM HE= p H  7. 

Fig. 4. (a): Difference spectra for SPlW membranes pelleted fran high salt (3  M 

NaC1/50  I@! HEPES) suspensions a t  pH 7. 

a r epe t i t i on  rate of O.1Hz. 

point.  

obtained 1 ( o ) #  3 ( o ) #  6 (ru and 15 0 ms a f t e r  exc i t a t ion .  

(a)  - w i t h  510 run a c t i n i c  l i g h t .  (c)  As (b) - except that po in t s  shown 

are f o r  100 (0) # 300 ( 0 )  # 600 and lo00 (0, ms after exc i t a t ion .  

(d)  - Difference spectra for the bR- s t r a i n  of - H. halobim JW-12 f r a n  

which SR has been bleached a t  1 (0) and 15 ( 0 )  ms after e x c i t a t i o n  a t  

Act in ic  l i g h t  a t  590 nm with  

64 spectra were averaged to produce each 

The ~pectrun before e x c i t a t i o n  m s  subt rac ted  from spectra 

(b): As 

590 run. 

bleached a t  1 w and 15 (0, m s  a f t e r  510 run exc i t a t ion .  

D i f f e r e n c e  spectra for s t r a i n  SPl(24) a t  1 (m) and 100 ( 0 )  m s  after 

510 nm exc i t a t ion .  Difference spectra for SPlW membranes so lub i l i zed  

i n  octylglucoside a t  l o w  ion ic  s t r eng th  a t  1 (u and 100 (D) ms af ter  

510 nm excitation. ( f ) :  - Difference spectra for SPlW membranes washed 

extens ive ly  i n  50 mM HEPFS pH 7 (NaC1 ~10'~ M )  a t  40 (o)# 120 ( 0 )  and 

Difference spectra for SPlW membranes from which Ps has been 

(e): 

240 (u m s  a f t e r  510 nm e x c i t a t i o n .  

menhranes in 50 mM HEPES pH 7 from which s~ has been bleached 1 m s  

a f t e r  590 nm exc i t a t ion  0. 

Difference spectrun f o r  JN-2 
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Fig. 5. Light-induced absorbance sh i f t s  of SPlW membranes suspended i n  3 M 

N a C l ,  50 mM UlES, @I g r  2.5 nq(ml membrane protein)-’. 

epectra after mbtrac t ion  from the apectrun of the Lanple i l luninated 

2 min with blue l i g h t  (Corning 5-60 filter with a 250 W projector 

lamp) A, 

(Corning 3-69 f i l t e r ) ;  B, 

orange l i gh t .  C,  

l i g h t  followed by 2 min i l lun ina t ion  with blue l igh t .  

Difference 

the epectrun after 1.5 min i l lun ina t ion  w i t h  o a n g e  l i g h t  

the epecttun after 6 min i l lun ina t ion  with 

the spectrun after 6 min i l lun ina t ion  With orange 

Fig. 6. Recansti tution of Ps by the addition of r e t i n a l  to SPlW membranes 

bleached i n  the &irk with  hydroxylamine (pH 7). 

cancentration 2.- per ml-’; a l l - t r ans  - r e t i n a l  0.33 nPl i n  ethanol 

added tD f i n a l  concentration of U4. 

of  retinal 

retinal. Average of e igh t  apectra. The i n s e t  shows time-resolved 

absorbance changes of the mme mmple flashed w i t h  510 nm a c t i n i c  

R o t e i n  

The spectrun 3 h a f t e r  addi t ion 

subtracted from the spectrun hefore addi t ion of 

l i g h t ,  Curves shown are the averages of 64 t ransients .  (E) 

membranes tileached i n  the dark for 2 h in 0.5 M N-120Hr pH 7; (E) 3 h 

after recons t i tu t ion  of bleached membranes With a l l - t r ans  - retiml. 

The qper and lower traces of e i c h  p a i r  are the time-resolved 

absorbance ctmnges a t  500 nm and 580 mI respectively.  

Fig. 7. &const i tut ion of membranes bleached under intense white l i g h t  for 30 h 

w i t h  hydroxylamine. 

subtracted fran the v c t r u n  4 h a f t e r  addi t ion of retinal (0.33 mM) 

to a f ina l  concentration of 2.5 uM; membrane protein amcent ra t ion  

2.5 mg per ml-’. 

resolved absorbance changes in the =me sample. 

Shown is the spectrun of the mmple before, 

Average of four spectra. !t’he i n s e t  shows t i m e -  

A l l  other conditions 

I 
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as i n  Fig. 6. 

Fig. 8. (a) - Transient absor&ance c b n g e s  in membrane pellets fran ells of 

s t r a i n  SPlW grown in the presence of nicotine. Actinic l i g h t  a t  510 

run. The upper trace of each p a i r  shows the absorbance change a t  580 

run; the lower a t  480 nm. mth length wts 0.1 mn. Eich trace is the 

average of 256 recordings. (2) As i n  (a) - except ~t membranes were 

incubated f o r  2 h w i t h  a l l - t r ans  retinal a t  a concentration of 2.5 AIM 

before they -re pel le ted  2 h a f t e r  addi t ion of a l l - t r ans  retinal. 

(c) - Control-membranes from ells grown without nicot ine i n  the 

medium. 

- 
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INDEX m I E S  

Rhodopsin-like pigments in h l o a l k a l i p h i l i c  bacteria. 

Retinal pigments as possible photoenergy and photosignal transducers 

i n  h l u a l k a l i p h i l i c  bacteria. 

Flash spectroscow for the aensitive detection of photoactive 
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